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ABSTRACT

Despite the near-ubiquity of plasmids in bacterial populations and the profound contribution of infec-
tious gene transfer to the adaptation and evolution of bacteria, the mechanisms responsible for the
maintenance of plasmids in bacterial populations are poorly understood. In this article, we address the
question of how plasmids manage to persist over evolutionary time. Empirical studies suggest that plasmids
are not infectiously transmitted at a rate high enough to be maintained as genetic parasites. In part i,
we present a general mathematical proof that if this is the case, then plasmids will not be able to persist
indefinitely solely by carrying genes that are beneficial or sometimes beneficial to their host bacteria.
Instead, such genes should, in the long run, be incorporated into the bacterial chromosome. If the mobility
of host-adaptive genes imposes a cost, that mobility will eventually be lost. In part ii, we illustrate a pair
of mechanisms by which plasmids can be maintained indefinitely even when their rates of transmission
are too low for them to be genetic parasites. First, plasmids may persist because they can transfer locally
adapted genes to newly arriving strains bearing evolutionary innovations, and thereby preserve the local
adaptations in the face of background selective sweeps. Second, plasmids may persist because of their
ability to shuttle intermittently favored genes back and forth between various (noncompeting) bacterial

strains, ecotypes, or even species.

OST bacteria from natural sources abound with

a variety of semiautonomous genetic molecules

that are transmitted vertically, in the course of cell divi-
sion, and horizontally by infectious transfer. Plas-
mids—a particularly prominent class of these accessory
genetic elements—either code for their own infectious
transfer, usually by conjugation and more rarely as vi-
ruses, or have specific mechanisms (e.g., mobilization
transfer) that facilitate their infectious transmission by
hitchhiking with self-transmissible plasmids (Summers
1996). While plasmids may be best known as tools of
molecular biologists and biotechnologists, or as bearers
of problematic genes for virulence and drug resistance,
they provoke a number of intriguing ecological and
evolutionary questions that have only started to be ad-
dressed (Levin and Bergstrom 2000). The most ele-
mental of these questions for extant plasmids is what
Campbell (1961) referred to as “existence conditions.”
Under what conditions can these elements become es-
tablished and be maintained in bacterial populations?
While the fitness burden imposed on the host bacteria
by the carriage and replication of plasmids may be small,
it must be nonzero. And, although there are mecha-
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nisms to reduce the rates at which plasmids are lost
in the course of cell division (Nordstrom et al. 1984;
Gerdes et al. 1986; Luria and Suit 1987; Nordstrom
and Austin 1989; Mongold 1992; Paulsson and
Ehrenberg 1998), the rates of loss due to vegetative
segregation remain strictly positive. In the absence of
some mechanism countering their intrinsic costs and
segregation loss rates, plasmids would eventually be re-
moved from bacterial populations. Therefore, plasmids’
persistence requires one or both of two basic mecha-
nisms: infectious transmission and maintenance as ge-
netic parasites or selection on hosts for the genes that
the plasmids carry. Let us briefly consider these in turn.

Plasmids (particularly those that code for their own
transmission) can transfer copies of themselves to plas-
mid-free bacteria at seemingly high rates. In theory it
would be possible for plasmids to persist as genetic para-
sites; their horizontal transmission rates could in princi-
ple overcome both the fitness costs associated with their
carriage and the losses due to vegetative segregation. If
this were so, then these elements could be maintained
by infectious transfer even when they engender a sub-
stantial cost to the fitness of their host bacteria. On
the other hand, the conditions for this to obtain are
relatively restrictive, and particularly so for plasmids that
are not self-transmissible (Stewart and Levin 1977,
Levin and Rice 1980). On the basis of primarily in vitro
estimates of plasmid transfer rates, fitness costs, and
segregation rates, and densities and physiological condi-
tions of natural populations (Levin et al. 1979; Levin



1506 C. T. Bergstrom, M. Lipsitch and B. R. Levin

1980; Simonsen et al. 1990; Simonsen 1991; Gordon
1992), it has been postulated that, in practice, these
elements cannot be maintained as genetic parasites
(Levin 1993; but also see Lundquist and Levin 1986).
If this is correct, the obvious question arises: How are
plasmids maintained?

The alternative possibility is that plasmids could per-
sist by bearing (or hitchhiking alongside) genes that
increase the fitnesses of their bacterial hosts. Several
hypotheses have been proposed along these lines, often
variations on a theme of plasmids “delivering” occasion-
ally useful genes to bacteria that need them. Eberhard
(1990) suggests that plasmids carry genes for exotic
functions needed only in a small subset of habitats or
on rare occasions. When favored, they can spread by
conjugation; when disfavored, they do not impose their
costs on the entire bacterial population. Summers
(1996) likens the wide array of genes carried on plas-
mids to a genetic “lending library,” arguing that plas-
mids are useful because they need not be maintained
in every individual in the population. Though appealing
as an analogy, this is not intended as a mechanistic
explanation. Turner et al. (1998) propose a somewhat
different mechanism: perhaps plasmids persist by trans-
ferring onto immigrant strains that are sweeping
through the population, hitchhiking to high frequency
on each selective sweep. Horizontal transfer, they argue,
“may be seen as an adaptation that allows a parasite
[i.e., the plasmid] to move onto superior hosts that
emerge.”

Certainly, there can be intense selection for one or
more plasmid-borne genes, as is the case during antibi-
otic treatment when resistance is plasmid-encoded. Un-
der such conditions, bacteria carrying those plasmids
would be at a considerable advantage relative to bacteria
without them. We note, however, that few if any of
the genes borne by bacterial plasmids are under strong
positive selection at all times. Moreover, the simple pres-
ence of selectively advantageous genes on bacterial plas-
mids is not sufficient to explain plasmid maintenance.
Genes originally carried on the plasmid presumably can
be sequestered by the chromosome; the host bacterium
could then continue to express these genes but dispense
with the plasmid and its associated costs. (Here we are
assuming that the fitness effects of the selected genes
are the same whether they are plasmid-borne or chro-
mosomally encoded. No additional advantage is as-
sumed to accrue from factors such as the increased copy
number associated with the plasmid-borne lifestyle.)
Consequently, one not only needs to compare plasmid-
bearing cells with plasmid-free cells, but also to compare
plasmid-bearing cells with plasmid-free cells that have
incorporated some or all of the plasmid-encoded host-
beneficial genes into the chromosomal genome.

How, then, do plasmids manage to persist over evolu-
tionary time? How have these elements evolved and
maintained the seemingly costly machinery (Ippen-

Ihler 1989; Summers 1996) necessary for their infec-
tious transmission? Why do they engage in infectious
(horizontal) transmission at all? We attempt to answer
these questions quantitatively in the analysis that follows.

Overview: In this article, we use mathematical models
and computer simulations to explore the existence con-
ditions of plasmids. The most reasonable interpretation
of the available evidence is that plasmids cannot be
maintained solely by horizontal transfer in single popu-
lations. We therefore explore other processes that can
maintain plasmids.

In part i, we show that plasmids cannot persist simply
by bearing genes that are beneficial to their bacterial
hosts. To do so, we determine the conditions under
which natural selection will favor plasmids bearing bene-
ficial or occasionally beneficial genes. We demonstrate
that under these conditions, the plasmid-encoded genes
will ultimately be sequestered by the host chromosome
and the plasmid will be unable to persist. Thus the very
conditions that allow plasmid-bearing cells to persist in
competition with plasmid-free cells will eventually select
for incorporation of the plasmid-borne genes into the
bacterial chromosome and subsequent loss of the plas-
mid. In perusing this section, some readers may wish
to skim the mathematical details and focus primarily on
the statements of results.

In part ii, we present a pair of simple illustrative
models intended to highlight two processes that could
account for the long-term existence of bacterial plas-
mids. First, we treat the role played by plasmids when
selective sweeps are occurring at chromosomal loci. Sec-
ond, we examine the way in which plasmids may persist
by carrying genes across clone, ecotype, or species
boundaries.

PART I: MECHANISMS THAT CANNOT
MAINTAIN PLASMIDS

The basic model and assumptions: In the following
analysis, we employ a generalized version of Stewart
and Levin’s (1977) model of plasmid population dy-
namics in a single-clone population of bacteria. The
model compares the growth rates of two kinds of bacte-
rial populations, those with and those without the plas-
mid, with densities and designations P(t) and F(t) bacte-
rial cells per milliliter, respectively, at time t. The growth
rate per hour of plasmid-free cells at time t is given by
Y(t) = 0, and the washout, death, or loss rate per hour
at t is given by u(t) = 0. Plasmid-bearing cells grow at
a slower rate than plasmid-free cells, due to the ener-
getic and other costs associated with plasmid carriage,
replication, and gene expression: the growth rate of
plasmid-bearing cells is ¢s(t) (1 — o), where a = 0 repre-
sents the “cost” of plasmid carriage expressed as a frac-
tional reduction in replication rate. Conjugation occurs
via a mass action process at a rate proportional to the
product of the densities of plasmid-bearing and plasmid-
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free cells and a rate parameter y(t) = 0 (milliliters per
cell per hour; Stewart and Levin 1977; Simonsen et
al. 1990). Plasmid loss via segregation occurs at rate
7(t) = 0/hr. Finally, we assume there is an upper bound
on the maximum attainable bacterial density of N*
cells/ml and note that N* = max,(F(t) + P(t)).

As explained above, we make the assumption that
plasmids cannot persist as purely parasitic genetic ele-
ments.

Assumption 1. Plasmids impose nonzero fitness costs
on their host bacteria and suffer nonzero rates of loss
by vegetative segregation. Even at the maximum host
density, plasmids cannot transfer at a sufficient rate to
overcome these costs and therefore cannot be main-
tained as parasites. Instead, plasmids can be maintained
only with the assistance of selection favoring the bacteria
that carry them.

We can express this assumption in the mathematical
terms of our model. With the definitions above, the
rates of change of plasmid-bearing and plasmid-free cell
densities at time t are

PO = POWM — o) — 7(t) + (O F(®) — u®)
F(t) = FOW® — v(OP®) — u(®). @

By Assumption 1, in the absence of beneficial effects
on host fitness, the number of plasmid-bearing cells
never grows as quickly as the number of plasmid-free
cells; i.e., for all times t,

PO _ FQ®
P(t) F()

Thisimplies that the following inequality, which we label
as the Stewart and Levin criterion (S & L criterion, for
short), holds for all t,

P()a + 7(t) > N* y(b). (@)

In words, the rate at which plasmids spread by conjuga-
tion is always less than the rate of loss due to the com-
bined effects of segregation and selection on the bacte-
rial host. The Stewart and Levin criterion is our desired
mathematical formulation of Assumption 1; we take it
as given for the remainder of the article. When the
S & L criterion holds, plasmids must do something use-
ful for their hosts in order to be maintained.

This model is more general than previous treatments
of plasmid population dynamics for three reasons. In
other models, the growth rate {s(t) is usually treated as
a function of the available resource concentration and
other parameters. Here we avoid the imposition of any
such assumptions and instead express the growth rate
as an unspecified function of time to allow ourselves
maximal generality. The segregation rate 7(t) enjoys
similar generality. By making the washout rate u(t) an
unspecified function of time, we allow the model to
cover growth regimes ranging from chemostat growth

[in which u(t) would be constant] to serial transfer [in
which u(t) would usually be zero and occasionally—
during passages—would be very large].

We did make the usual assumption that conjugation
occurs via mass action. This is for the sake of exposi-
tional simplicity alone. Strictly speaking, the mass-action
form of the conjugation process is not necessary for any
of the analyses presented in this article, so long as the
total conjugation rate is appropriately bounded to en-
sure that under the best of conditions the plasmid does
not transfer at a rate high enough to overcome its costs
of carriage. Similarly, we assume for simplicity that segre-
gation does not generate viable plasmid-free cells, due
to postsegregational killing or similar measures. The
conditions for plasmid persistence when segregation
does generate viable plasmid-free cells are even more
restrictive; results parallel to those of this section can
be easily derived for that model as well.

Plasmids cannot persist under constant selection: If
plasmids were the sole sources of genes that provide a
growth-rate advantage to their bacterial hosts, and if
these genes could not be incorporated into the host
chromosome, then plasmids could indeed persist simply
by host-level selection. To demonstrate this, we add a
term B to the model, representing the fitness conse-
guences to the host of the plasmid-borne genes. Thus,
if the growth rate of plasmid-bearing cells is () (1 —
a)(1 + B), then the following condition, if it is true for
all times t, is sufficient (but not necessary) to ensure
plasmid persistence:

g = 7O T U0« = YOE® +PO) 5
v(OA — @)
Our first (if not particularly surprising) result follows
directly.

Result 1. Even in the absence of conjugative transfer,
plasmids can invade and be maintained in a bacterial
population provided that they carry sufficiently benefi-
cial genes that are not present in the chromosomal
genome of the plasmid-free cells.

However, there is no reason to expect that plasmids
will remain the sole sources of these genes over evolu-
tionary time. Numerous mechanisms, adaptive or other-
wise, facilitate the movement of genes between plasmids
and the bacterial chromosome and serve to create chro-
mosomal variants of the plasmid-encoded genes. Plas-
mid-bearing cells eventually will face competition from
plasmid-free cells, which have incorporated the useful
(or “focal”) plasmid genes directly into their chromo-
somes, as well as from plasmid-free cells that lack these
genes. To explain the long-term evolutionary mainte-
nance of plasmids, we must further extend the model
to consider the dynamics of plasmids challenged by both
types of competitors.

Consider competition between plasmid-bearing cells
P and plasmid-free cells F, as before, and also define a
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third type of cell: plasmid-free cells carrying the focal
genes on the chromosome. We refer to these cells as
“chromosomals,” and represent their density at time t
by the variable C(t). There is also a fourth possible type
of cell, plasmid-bearing cells that also have the focal
genes on the chromosome. These cells will have the
same growth rate as the plasmid-bearing cells P, even
in the best-case scenario in which this duplication of
genes carries no additional cost. When segregation rates
are reasonably low, these cells can be grouped with the
plasmid-bearing cells P without appreciably altering the
dynamics. For the sake of mathematical brevity we make
this assumption in the analysis that follows, though this
is not essential to any of the results derived.

The growth rates of these three types are

PO = POM@WMA — a)(1 + B) — 7(1)
+yOF® + CO) — u(®)

F(Y) = FOME® — vOP® — u®)

C() = COMMA + B) — yOP® — u®). 4

We can immediately observe that in this system, the
condition for plasmid-bearing cells to outgrow chromo-
somals at any time t is

YOE® + CO + P®) > y(®a(l + p) + 7). (5)

If the Stewart and Levin criterion holds, then this will
never be the case for a plasmid bearing beneficial (B >
0) genes. Our second result then follows, given the
S & L criterion.

Result 2. When the plasmid genes that are useful
to their bacterial hosts can be incorporated into the
bacterial chromosome, plasmids cannot persist by bear-
ing beneficial genes under constant selection.

Plasmids cannot persist under fluctuating selection:
What happens when selective conditions fluctuate? For
example, what happens when 3 is replaced by B(t) =
—1, a sometimes-negative function of time? Though
either chromosomals or plasmid-free cells will be fa-
vored at any given time, can plasmids persist over the
long-term under fluctuating selection? This might seem
plausible; under certain conditions, a genotype can per-
sist under fluctuating selection even if it is never the
most-fit type in the population (Haldane and Jayakar
1963; Gillespie 1973; Yoshimura and Jansen 1996).
In this case, however, we prove that the plasmid inevita-
bly will be out-competed in the long run.

Starting from an initial population with chromosomal
density C, and plasmid-free density F,, the ratio of plas-
mid-free cells to chromosomals at time T is

F(1) Foe /Bba F.
C(1) a Coe BhOa+BmN - 60

e~ JRbOB® (6)

As time goes to infinity, this will converge to 0 when
the expectation of ¥s(t) B (t) > 0 and will approach infin-

ity when the expectation of y(t)B(t) < 0, where the
expectation is simply

[wopat

E[L(HB®] = LIIC T

We take these cases in order. First, suppose that
E[w()B(t)] > 0. By the S & L criterion,

Elv@®A + B(M)] > EROA — o) (@ + B(D)
-1 +yONT. ()

Therefore, the expected growth rate of chromosomal
cells (left-hand side) exceeds the expected growth rate
of plasmid-bearing cells (right-hand side). The ratio
of plasmid-bearing to chromosomal cells at time t will
converge to 0 as t becomes large, and plasmid-bearing
cells will necessarily be lost.

Second, when E[y(t)B(t)] < O, it follows from the
S & L criterion that

E[b(D] > ERL®OA — )@ + B®) — () + v(ONT].
®)

Here, the expected growth rate of plasmid-free cells
(left-hand side) exceeds the expected growth rate of
plasmid-bearing cells (right-hand side), and plasmid-
bearing cells will be lost. Our third result, again based
on Assumption 1, follows immediately.

Result 3. Inasingle population subject to constant or
fluctuating selection, plasmids cannot persist by bearing
beneficial or sometimes-beneficial genes, when these
genes can be alternatively incorporated into the chro-
mosomal genome.

To look at this another way, if the plasmid-borne
genes are beneficial on average, they will be incorpo-
rated into the bacterial chromosome and the plasmids
will be discarded. If they are not beneficial on average,
they and the plasmids that carry them will be discarded.

Thus far, we have assumed that the fractional cost of
plasmid carriage o does not change with time. If we
relax this assumption, Result 3 need not hold. Because
we consider this a formal possibility of the model rather
than a likely explanation of plasmid persistence, treat-
ment of this scenario has been relegated to appendix a.

Plasmids cannot persist in a metapopulation:
When—as suggested by empirical results (Levin et al.
1979)—conjugation and segregation occur at a rate pro-
portional to growth, and plasmid-borne and chromo-
somal versions of a gene do not differ in their rates of
migration, Result 3 generalizes to a model with multiple
habitats (the proof is outlined in appendix b).

Result 4. In a metapopulation composed of multiple
bacterial habitats, each subject to correlated or uncorre-
lated fluctuations in selective conditions, plasmids can-
not persist by bearing selected genes, given that (1)
plasmid-encoded genes can alternatively be incorpo-
rated into the chromosomal genome, (2) conjugation
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and segregation occur at rates proportional to bacterial
growth, and (3) plasmid-encoded genes do not directly
affect the rates of bacterial movement between habitats.

At equilibrium, we do not expect to observe plasmids
simply because they code for useful or sometimes-useful
genes. This leaves us with the problem of explaining
the prevalence of plasmids in natural populations. At
least three possibilities exist, one of which seems ex-
tremely unlikely, and two of which merit more serious
consideration.

First, the unlikely possibility: any particular lineage
of plasmids is in effect a genetic accident, doomed to
eventual extinction. If so, plasmids are observed at the
present time because the system has not yet reached
equilibrium. Taking this idea further, if plasmids are
continually being generated de novo and plasmid loss
takes sufficiently long, a “creation-loss” balance could
be maintained in which plasmids are always present at
a reasonable frequency. We believe that this possibility
can be dismissed, for it seems improbable that the long-
standing sequence divergence among plasmids, and the
highly derived plasmid adaptations for conjugation and
for the avoidance of segregation loss, are the conse-
quences of genetic accidents rather than the products
of active selection.

The models considered thus far leave open two possi-
bilities that seem to us to be more reasonable. Both
involve the realities of bacterial population structure,
e.g., population subdivision, local adaptation, and peri-
odic selection (Maynard Smith 1991; Cohan 1994b),
that were not incorporated into the simple “single popu-
lation” model above. One such possibility is that plas-
mids persist through their ability to transfer into bacte-
rial strains sweeping through the population. The other
(not mutually exclusive) possibility is that plasmids per-
sist because of their ability to transfer across ecotype
and species boundaries. We consider these two explana-
tions in part ii of this report.

PART II: WHEN PLASMIDS CAN

...it is the policy of the state of New Mexico to enhance the self-
esteem of students in the classroom, yet the teaching of a theory
that indicates that children evolved in a meaningless manner
through highly improbably random fluctuations in a prebiotic
soup can result in a particularly negative impact on a student’s
self-esteem.
House Representative Timothy E. Macko
State of New Mexico House Bill 1321 (1997)

Just as Rep. Macko is concerned for the self-esteem of
children in the classrooms, we worry that the preceding
analysis may have a chilling effect on the self-esteem of
plasmids in bacteria. Are plasmids—Ilike children—
mere genetic accidents, blindly formed by hapless
chance and evolutionarily doomed? Fortunately, we be-

lieve that there are convincing arguments to the con-
trary.

Selective sweeps: In bacterial populations, the ap-
pearance by mutation or immigration of a new cell
carrying a selected gene may result in a selective sweep
or periodic selection event in a particular bacterial eco-
type. [Here we use the term “ecotype” in the sense of
Cohan (1994a,b) to refer to a population or set of
populations of bacteria occupying a specific ecological
niche.] In such an event, the ascent of the selected
gene to high frequency purges the population of genetic
diversity, not only at the locus of the selected mutation,
but at all or virtually all loci (Atwood et al. 1951; Levin
1981). Even in the presence of recombination and local
adaptation, selective sweeps can purge populations of
genetic diversity at all loci sufficiently near to the se-
lected mutation (Cohan 1994a; Majewski and Cohan
1999).

Turner etal. (1998) have conjectured that such selec-
tive sweeps may provide a mechanism for the mainte-
nance of plasmids. The idea is that as a novel mutant
or recombinant sweeps through the population, there
will be a chance for the plasmid to transfer from the
resident lineage, which is evolutionarily doomed, to the
higher fitness lineage that is ascending. In this way, the
plasmid may be able to “hitchhike” to high frequency.

In the analysis of the previous section, we assumed a
single constant genetic background in the host, i.e., no
selective sweeps, and showed that Assumption 1 implies
that plasmids cannot persist in a variety of ecological
scenarios. In this section, we eliminate the assumption
of an invariant genetic background in the host and
consider the effects of selective sweeps on the persis-
tence of plasmids when the S & L condition holds. For
simplicity, in this section we remove the time depen-
dence of the parameters {5, «, 7, and -y. As before, there
are two cases of interest. First, we consider the case
in which the plasmid does not carry beneficial genes.
Second, we consider the case in which the plasmid does
carry beneficial genes, but must compete with a chromo-
somal variant that carries the same beneficial genes with-
out paying the cost of plasmid carriage.

Plasmids bearing no beneficial genes: How does the
total frequency of plasmid-bearing cells change during
the course of a selective sweep? To answer this question,
we must track four populations: cells with and without
the novel mutation and with and without the plasmid.
We thus define the densities W(t), W' (t), M(t), and
M’(t), where W indicates wild type, M indicates mu-
tant, and primes (") indicate plasmid-bearing cells. We
define the total density of bacteria N(t) = W(t) +
W'() + M) + M'(t) = N, the density of plasmid-
bearing cells P(t) = W'(t) + M’(t), and the density of
plasmid-free cells F(t) = N(t) — P(t) = W(t) + M(b).
We introduce the term b to represent the fractional
fitness benefit conferred by the novel mutation. Thus,
the growth rates of the populations W(t), W'(t), M(t),
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and M'(t) and M'(t) are ¥, ¥ (1 — @), ¥ (1 + b), and
U (1 — o) (1 + D), respectively. As in previous sections,
we ignore the contribution of segregants to the plasmid-
free class; this assumption is convenient but does not
affect our conclusions. The dynamics of the system are
governed by

W() = [ — yP — u(®IW
W) = [W(l — «) — u(®) — FIW’ + yPW

M(®) = [W(1 +b) — yP — u(®)IM
M/(t) =[P — )@ + b) —u@) — 71]M’" + yPM.
)

To track the progress of the plasmid, it is convenient
to calculate the rate of change in the ratio of plasmid-
bearing to plasmid-free cells, 6(t) = P(t)/F(). This
guantity is easily calculated from Equation 9 and is given
by

9=6’yN—T—¢0&+ll;bM,(l_a)—M)].

= - (10)

This equation has an intuitive interpretation: the
change in the ratio of plasmid-bearing to plasmid-free
cells follows the usual transfer-selection-segregation dy-
namics (YN — ¢ o« — 1), modified by a term that com-
bines the growth rate advantage of the mutant b and
the linkage disequilibrium between the plasmid and
the beneficial mutation, scaled by the cost of plasmid
carriage (1 — «). From the S & L criterion, yN —
Yo — 7 iS negative at all times. The yb term is negative
whenever the linkage disequilibrium between the plas-
mid and the beneficial mutation, D(t) = [W(t)M'(t) —
W’ ()M(t)]/N2(t), is negative. Since we assume that the
mutation comes from outside the population (Turner
et al. 1998), it will be on a nonplasmid-bearing cell, so
at time t = 0, linkage disequilibrium is indeed negative
[because M(0) > M’(0) = 0]. It follows that the ysb
term is also negative. Thus, at t = 0, the frequency of
the plasmid is decreasing. We show in appendix c that
if the linkage disequilibrium starts out negative, it will
never become positive. Therefore, the b term will al-
ways be negative, and the frequency of the plasmid will
continuously decrease during the selective sweep. Fur-
thermore, since in the absence of selective sweeps, 6
would decline at a rate d6/dt = yN — a — T, the
presence of sweeps increases the rate at which the plas-
mid disappears and therefore decreases the persistence
time of the plasmid. In summary:

Result 5. If plasmids bearing no host-beneficial
genes are lost in competition with plasmid-free cells
under a constant genetic background, then selective
sweeps of beneficial mutations introduced from outside
the population will not preserve these plasmids either.
Furthermore, such selective sweeps will hasten the de-
cline of plasmid-bearing cells or, equivalently, reduce
their expected persistence time.

Other
bacteria
of same
species

Immigrants with Locally

. »~
advantageous mutations

adapted
population

Figure 1.—The selective sweep model: bacteria carrying
highly beneficial mutations migrate into a locally adapted
population.

Plasmids bearing beneficial genes: Though selective
sweeps cannot facilitate the persistence of parasitic plas-
mids, they can maintain plasmids carrying beneficial
focal genes. Consider the situation illustrated in Figure
1: a small, locally adapted population that faces a par-
ticular selective environment different from that faced
by other closely related bacterial populations. By local
adaptation, we mean that there is at least one gene
or allele that is advantageous and has reached high
frequency in the local population but that is not favored
in the rest of the bacteria of the same species. The
locally adaptive gene was carried on a plasmid at the
time when it initially reached high frequency, and the
plasmid bearing that gene reached high frequency as a
result. In our earlier models, where the genetic back-
ground was constant, the appearance of achromosomal
variant (carrying the locally adaptive gene but not the
plasmid) would have resulted in the selective disappear-
ance of the plasmid from the population. However, in
the presence of selective sweeps, the plasmid might be
rescued by the sequence of events shown in Figure 2
and described in detail below.

In Figure 2, only plasmid-free cells and plasmid-bear-
ing cells, which carry a slightly beneficial, locally adap-
tive focal gene (represented by the lightly shaded
square) are initially present in the local population.
Then,

1. The plasmid-encoded focal gene (lightly shaded
square) is incorporated into the chromosomal ge-
nome of some cells by transposition or some other
rare genetic event, and the plasmid is lost from these
cells. These newly formed “chromosomals” enjoy a
selective advantage over the plasmid-bearing cells,
because they gain the fitness benefits of the focal
gene without the cost of the plasmid. Assuming that
the S & L criterion holds, this chromosomal variant
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4 Innovations
arrive from

Plasmid genes outside
. VS D S
=
J
—

Fitness

And the cycle
repeals...

Plasmid transfers
to the invading strain

A

Time

[] Locally-adaptive alleles [ll Sweeping innovation

Figure 2.—The process by which plasmids can be main-
tained through a series of selective sweeps. See the text for a
full description.

will begin to increase in frequency at the expense of
the plasmid carrier.

2. Before the plasmid-bearing type is lost, however, a
new strain, carrying a highly beneficial innovation
(represented by a solid square) on the chromosome,
but lacking the focal gene, enters the population and
begins to replace the other types.

3. During this selective sweep, the new strain increases
in frequency as the plasmid and chromosomal carri-
ers of the focal gene decline. Before the plasmid-
bearing cells go extinct, however, the plasmid may
transfer to one of the cells bearing the novel muta-
tion, resulting in a cell that carries both the new
innovation (solid square) and the focal gene (lightly
shaded square).

4. The new cell with both the innovation and the focal
gene will now be the most fit genotype in the popula-
tion. We are in effect back where we started. If no
further genetic events occur, this type will go to fixa-
tion and the frequency of the plasmid will climb
(nearly) to one.

Just as before, however, a variant eventually will arise
with both the new innovation and the focal gene ex-
pressed on the chromosome. Free of the cost of plasmid
carriage, this type can now go to fixation, at the expense
of the plasmid-bearing cells, unless another selective
sweep occurs and the above process repeats.

We can observe multiple cycles of this process via
computer simulation. Figure 3 shows a series of five
simulated selective sweeps in a local population carrying
aslightly beneficial plasmid. Figure 3a shows the average
number of novel mutations (the mutations responsible
for the selective sweeps) present in the population. Fig-
ure 3b shows the frequencies of plasmid-bearing cells,
chromosomals, and cells without the focal gene over
time. It isassumed that the external bacterial population
sequentially becomes fixed for each of five beneficial
mutations, so that as time passes, immigrants from the
external population to the local population have pro-
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Figure 3.—Results from a computer simulation of five cy-
cles of the process shown in Figure 2, in which selective sweeps
preserve a plasmid in competition with chromosomal variants
carrying the focal gene but not the plasmid. (a) The mean
number of beneficial mutations in the population; each in-
crease represents a sweep through the population of a novel
beneficial mutation with selective value b. (b) The number of
bacteria in the population carrying the focal gene on the
plasmid (P), on the chromosome (C), or notatall (W). Param-
eters (chosen for illustrative and computational convenience
and described in appendix d): N = 2000, y = 1,V =1, a =
0.01, B = 0.04, b = 0.05, y = 0.006 per unit volume per
generation, and x = 0.0002 per generation. An immigrant
enters from outside the population on average every 2 genera-
tions. The number of beneficial mutations fixed in the outside
population starts at 1 and is incremented, on average, every
200 generations.

gressively more of these mutations, and therefore pro-
gressively higher fitness.

In the simulations, the plasmid can persist when selec-
tive sweeps are occurring; each of five novel mutations
“rescues” the plasmid from extinction that it would have
faced due to competition from chromosomal carriers
of the focal gene. Each dip in the number of plasmid-
bearing cells represents the appearance and selective
rise of a chromosomal variant. Subsequently, a benefi-
cial mutation from outside appears, and the transfer of
the plasmid to the mutant lineage results in an increase
in plasmid numbers. To show that the sweeps are in
fact necessary for plasmid persistence, we have halted
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the sweeps by stopping the appearance of novel muta-
tions after five such mutants have appeared. As a result,
the chromosomal variant that carries the focal gene and
the five novel mutations can out-compete its plasmid-
borne counterpart, and the plasmid at last goes extinct.
This simulation illustrates the need for a constant cycle
of selective sweeps, with sufficient frequency to rescue
the plasmid before it goes extinct.

This process can also be characterized analytically.
Following the appearance of the chromosomal variant,
the probability that such a “rescue” occurs before the
plasmid reaches extinction is equal to the product of
the probability that a mutant appears before the plasmid
goes extinct, and the probability that a transfer of the
plasmid to the mutant lineage then occurs during the
mutant’s selective sweep. (We assume that focal gene
transfer from chromosomals is extremely rare and that
once the plasmid transfer occurs, the transconjugant
will deterministically sweep to fixation.) Let T, be the
expected waiting time for the appearance of a chromo-
somal variant of a particular plasmid-borne gene, Pi be
the probability that such a rescue will occur following
the appearance of a chromosomal variant, and T; be
the expected time for the fixation of a chromosomal
variant, once it has appeared and conditional that the
plasmid is not rescued by a selective sweep. The ex-
pected persistence time of a plasmid in a population
subject to selective sweeps is approximately

Te = T./(1 — Pg) + Ts. (11)

Note that in the absence of selective sweeps, P = 0 and
the persistence time is simply T, + Ty, the time until a
chromosomal variant appears plus the time required
for the fixation of that chromosomal variant.

In summary, we have:

Result 6. When a plasmid carries beneficial genes
but would be out-competed within a single population
by chromosomal variants carrying the same beneficial
genes, the occurrence of selective sweeps following the
arrival of more-fit mutants or recombinants can extend
the persistence time of an infectiously transmitted
plasmid.

Moreover, if the probability of a plasmid transferring
across into the sweeping population exceeds that plas-
mid’s frequency in the presweep population, then the
expected frequency of the plasmid actually increases
over time. When plasmids carry no genes useful to the
host, by contrast, the expected frequency of the plasmid
never increases, as proved above.

Figure 4 shows how T, depends on the rate of appear-
ance of new mutants of the relevant type and other
parameters. The methods for calculating Ty are given in
appendix d. Finally, itis interesting to note the similarity
between this scenario, which favors plasmids, and the
scenario suggested by Maynard Smith et al. (1993) as
a possible advantage to chromosomal recombination:

“In pathogenic bacteria, at least, the capacity for local-
ized recombination may be essential for the mainte-
nance of useful variation (e.g., in cell surface genes)
within the population against the purifying effects of
repeated waves of periodic selection.”

Cross-ecotype transfer: In the previous section, we
showed how plasmids can persist by transferring genes
across selective sweeps. In this section, we explore how
plasmids can persist by transferring genes beyond the
range of selective sweeps (and other purifying events).
We do not attempt a general treatment, but instead
merely illustrate that plasmids can persist in a multiple-
ecotype model even when Assumption 1 is met. The
reader may note that this model is closely related to
standard models in metapopulation theory (Hanski
and Gilpin 1997; Hanski 1999), with the plasmids play-
ing the role of the “organism” and distinct bacterial
ecotypes or species (rather than spatial locations) play-
ing the roles of the “habitats” that jointly comprise the
metapopulation.

In the interest of simplicity, the example presented
in this section is a discrete-time model featuring only
two host ecotypes. The underlying dynamics, however,
will generalize to continuous time, large numbers of
ecotypes, and more complex temporal and spatial fit-
ness fluctuations. Of course, models with more ecotypes
and wider ranges of conditions may more realistically
portray the natural ecology of bacterial plasmids.

Consider a focal gene that codes for antibiotic resis-
tance (for example) in two distinct bacterial ecotypes,
labeled A and B. In each ecotype, “resistant” individuals
carrying the focal gene typically have a fitness of 1 +
relative to “sensitive” individuals that lack this gene,
where B > 0 represents the fitness advantage due to
resistance. The focal gene may be chromosomal or plas-
mid-encoded; when it is the latter, the cost of plasmid
carriage imposes a fitness reduction of (1 — «) on the
host bacterium, for a total fitness of (1 + B)(1 — «).
Occasionally, due to various purifying mechanisms (de-
mographic stochasticity, population bottlenecks, selec-
tive sweeps at other loci, environmental fluctuations
leading to strong selection against the focal gene, etc.),
the focal gene will be lost entirely from one ecotype;
typically the other will be unaffected (Maynard Smith
1991; Cohan 1994a; Palys et al. 1997). Let this occur
with probability k in each ecotype and assume, for sim-
plicity, that loss never occurs simultaneously in both
ecotypes. Finally, assume that a fraction z of individuals
carrying the plasmid engage in cross-ecotype plasmid
transfer to sensitive hosts; this process is summarized
by the matrix J. Here we are treating cross-ecotype
transfer as a deterministic process and considering J
to be the matrix of transfer frequencies; we could alter-
natively consider a stochastic process of cross-ecotype
transfer, in which 9 would represent transfer probabili-
ties.

Let ca(t) denote the ratio of cells with chromosomal
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Result 7 then follows directly.

Result 7. In this illustrative model, chromosomals
are always locally favored over plasmids. However, chro-
mosomals cannot persist in the long run whereas plas-
mids will be able to persist due to their potential for
cross-species transfer.

Figure 5illustrates the dynamics of this system. When-
ever they are present, chromosomals outperform plas-

eter B with a distribution of fitnesses. Solid lines represent
the ratio of chromosomals to sensitives, shown on a log scale,
in (a) ecotype A and (b) ecotype B. Dotted lines represent
ratio of plasmid-bearing cells to sensitives, on a log scale, in
each ecotype. Environmental conditions are selected ran-
domly each time period. Starting ratios are 1:1 for both chro-
mosomals and plasmid-bearing cells in both ecotypes. Parame-
ter values (see appendix d) are k = 0.01, r = 0.02, and t =
0.02. The value of B fluctuates: B = 0.125 or B = —0.05,
each with probability 1/2. Extinction events (and loss of the
chromosomals in one ecotype) are marked with a shaded
square.
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mid-bearing cells; nevertheless, plasmids persist whereas
chromosomals are lost. This happens because the ex-
tinction events clear all copies of the focal gene from
a particular ecotype. The plasmid-encoded form of the
gene is able to subsequently “recolonize” following
clearance, whereas the chromosomals cannot be regen-
erated once lost from a given ecotype. As a consequence,
after some time, the focal genes are carried exclusively
on the plasmid.

DISCUSSION

In this article, we have examined the existence condi-
tions for bacterial plasmids, the conditions under which
plasmids can become established and will be maintained
in populations and communities of bacteria. Through-
out our analysis, we have operated on the assumption
that in populations of realistic density, these elements
transfer at too low a rate to overcome the joint effects
of segregation and selection. As such, plasmids’ estab-
lishment and persistence depends their being “nice” to
their hosts by carrying genes that at least occasionally
augment the fitness of the bacteria carrying them, e.g.,
genes for antibiotic resistance, virulence, or fermenta-
tion of unusual carbon sources. We also have assumed
that by transposition or other recombinatory mecha-
nisms, these beneficial genes can move from the plasmid
to the host chromosome, where they engender less cost
when they are not needed and greater benefits when
they are.

Using a general model, we have shown that when
these assumptions are met, plasmids cannot be main-
tained indefinitely in single-clone populations of bacte-
ria even when selection favors the genes that they carry.
While bacteria carrying plasmids can ascend and do well
for awhile, the genes responsible for their good fortune
will eventually make their way to the chromosome. Even-
tually, the plasmid will be lost. Indeed, these symbiotic
plasmids find themselves in a bind, trapped between
carrying genes that are too useful (in which case those
genes will be rapidly incorporated into the chromo-
some) and carrying genes that are too useless (in which
case the plasmid-bearing cells will be out-competed by
plasmid-free ones.) In accord with our analysis, this sad
situation is anticipated (1) in a single population of
bacteria under constant or fluctuating selection and (2)
in a metapopulation with intermittent selection favoring
plasmid-borne genes in different subpopulations at dif-
ferent times.

Nevertheless, our results are not entirely inconsistent
with plasmids’ existence. Employing more specific mod-
els, we have found conditions under which infectiously
transmitted plasmids can be maintained indefinitely in
the face of chromosomal imperialism. One process that
can facilitate plasmid persistence is the action of selec-
tive sweeps. Even in initially homogeneous populations
residing in unchanging habitats, higher fitness variants

will be generated periodically by mutation or by the
receipt of favored genes and accessory elements from
without, and these new variants will sweep through the
population (Atwood et al. 1951; Lenski et al. 1991;
Travisano et al. 1995; Elena et al. 1996). Because of
their capacity for infectious transfer, plasmids are more
likely than chromosomal genes to become associated
with incoming favorable mutants and ascend to promi-
nence by hitchhiking. Our results indicate, however,
that to hitchhike successfully the plasmid must share
the driving; it must carry genes that are beneficial with
sufficient frequency to outweigh the cost of their car-
riage. Moreover, there has to be a fair amount of traffic
on the road for the plasmid to hitchhike for a long
distance. If periodic sweeps are rare, then the “focal”
gene giving plasmid its advantage will make its way to
the chromosome and the chromosomal variants will
force the plasmid into extinction before it is rescued
by a selective sweep. If sweeps are common, on the other
hand, a new sweep will rescue the plasmid from this
fate, and thus the plasmid can be maintained for a
considerable period.

Alternatively (or in addition), plasmids may persist
because of their ability to shuttle genes across ecotype
or species boundaries. In this scenario, functional genes
borne on plasmids disperse horizontally in genotype
space, “outrunning” the boundaries of any particular
selective sweep. An important virtue of cross-ecotype
transfer in taxa for which ecotypes are perhaps best
defined by the range of selective sweeps (Maynard
Smith 1991; Cohan 1994a,b, 1996) is the ability to avoid
eradication by any particular sweeping clone or geno-
type.

Of course, several caveats are necessary when inter-
preting the results of this article. Perhaps the most im-
portant of these is that all of the results derived in part
i are based on the assumption that plasmids cannot be
maintained as genetic parasites in bacterial populations
of realistic densities and turnover rates, because their
rate of infectious transmission is insufficient to over-
come selection and segregation. While the evidence
generated from estimates of the rates of plasmid trans-
fer, fitness costs, and rates of vegetative segregation gen-
erally supports this assumption, it is possible that the
limited number of laboratory studies that actually esti-
mated these parameters do not reflect what real plas-
mids do in the real world. It may well be that some
plasmids can persist as purely parasitic genetic elements
in natural populations. The major limitations of existing
investigations of estimating these parameters are that
they typically (1) are restricted to liquid culture with
bacteria persisting as individual cells, whereas in much
of the real world bacteria exist as microcolonies on
surfaces, semisolids, and biofilms, for which the dynam-
ics of transfer are different as may be the costs of their
carriage and rates of segregation (but see Simonsen
1990); (2) ignore transitory derepression of conjugative
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pili synthesis, where cells that recently acquired plas-
mids transfer them at higher rates than cells from lin-
eages that have carried them for some time [though
Lundquist and Levin (1986) is an exception]; and (3)
use laboratory strains rather than wild plasmids and/
or wild bacterial hosts. It is clear that conjugation rates
vary widely among plasmids and their bacterial hosts
(Gordon 1992) and there may well be plasmid-host
pairs for which the rate parameters of infectious transfer
are far greater than those already published. Moreover,
natural selection on both the host and plasmid would,
if all else were equal, favor mechanisms that reduce the
fitness burden of plasmid carriage, and selection on the
plasmid would favor mechanisms that minimize these
rates of loss by vegetative segregation, such as high copy
number and postsegregational killing. Consequently,
although a plasmid in a particular host may initially
impose a substantial burden and suffer loss at a high
rate, these costs and segregation rates are likely to evolve
to lower and possibly even negligible levels.

Even if plasmids can be maintained as “genetic para-
sites,” however, this explanation for their long-term per-
sistence will still not account for the observation that
certain types of functional genes (e.g., those for antibi-
otic resistance) are commonly borne on plasmids. Ac-
counting for these patterns of genome organization will
require some sort of ecological theory similar to that
considered here.

A second caveat involves the existence of the so-called
cryptic plasmids. Many plasmids, including the majority
borne by some species such as Escherichia coli (Caugant
et al. 1981), are “cryptic” (Novick et al. 1976) in the
sense that they do not appear to carry any genes other
than those necessary for their own maintenance and
transmission. At first glance, this seems inconsistent with
the mechanisms of plasmid maintenance considered
here, which require the carriage of genes that at least
occasionally augment the fitness of their host bacterium.
We see three possible ways to account for the existence
of these cryptic plasmids. First, these plasmids might
not really be cryptic; perhaps we just have not yet discov-
ered the ways in which they augment the fitness of the
bacteria that carry them. Second, cryptic plasmids may
have evolved to be sufficiently innocuous and stable to
be maintained by even low rates of infectious transfer,
i.e., to persist as genetic parasites. Third, the prevalence
of cryptic plasmids could be a nonequilibrium phenom-
enon; these plasmids once carried useful genes, recently
lost them, and will either become extinct or acquire
useful genes in sufficient time to continue to persist by
the mechanisms considered here. In this interpretation,
there would be a balance between the rates of acquisi-
tion and loss of host-beneficial genes by plasmids.

It is important to realize that the models presented
in this article are fundamentally ecological, rather than
genetic: allele frequencies may change but the genes
under consideration do not. Our models are con-

strained so as to forbid introduction of novel variation
at the focal (plasmid-encoded) loci, and, in part i, at
nonfocal loci as well. In practice, the specifics of the
plasmid-encoded lifestyle (e.g., copy number and hori-
zontal transfer) could have dramatic evolutionary conse-
quences for the generation and maintenance of varia-
tion at plasmid loci. More sophisticated models will be
required to evaluate the possibility that these factors do
play an important role in explaining plasmid persis-
tence.

The analysis presented here provides a set of prelimi-
nary hints or suggestions for possible answers to the
question, “What sorts of genes should be on plasmids?”
As we have shown, basic ecological characteristics of
the focal genes (the variation across ecotypes in their
selective consequences at a given time t, the ease by
which they can be generated by mutation, the probabil-
ity of their loss from given species, the correlation in
the probability of loss at a given time across species,
etc.) determine for these genes the magnitude of the
advantage or disadvantage of being carried on a plas-
mid. For example, when selective sweeps by immigrating
strains are common, we might expect that plasmids will
carry locally adapted genes and that plasmids may in fact
be important in facilitating local adaptation in asexual
haploids. When cross-ecotype transfer plays an impor-
tant part in plasmid persistence, we might expect plas-
mids to carry sometimes beneficial genes that cannot—
for whatever reason—be maintained in single-clone
populations. However, these are merely suggestions of
the present model; more detailed analysis will be neces-
sary to answer the question properly. We therefore be-
lieve that further exploration of such questions will be
a productive and perhaps even essential avenue in our
efforts to understand the population and evolutionary
biology of plasmids.
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APPENDIX A

What happens if we relax the assumptions regarding
the cost a of carrying the plasmid? In particular, con-
sider the case in which « is also a function of t, subject
to an extended version of the S & L criterion:

U()alt) + 7(t) > y(H)N™. (AD)

This opens up a new possibility for the plasmids: Though
still subject to the S & L criterion, they are now allowed
to facultatively adjust their carriage costs (perhaps by
shutting down the conjugation-related genes under
some conditions and by turning them on under others)
in response to the values of y(t) and B(t). In this way,
a plasmid could theoretically code for high transfer at
high cost under some circumstances and low transfer
at low cost under other circumstances.

Can this allow plasmid persistence? When the selec-
tive consequence of the “focal genes,” B(t), fluctuates
widely from positive to negative, it can. The Stewart and
Levin criterion merely states that vertical transmission
is more effective than is horizontal transmission in the
absence of any fitness effects of the focal genes. When the
focal genes’ effects are sufficiently deleterious, hori-
zontal transmission could become more effective than
vertical transmission without violating the Stewart and
Levin criterion. Under these circumstances, a plasmid
could persist via facultative conjugation, reaping an ad-
vantage by carrying often-but-not-always beneficial
genes and by facultatively switching to horizontal trans-
mission when opportunities for vertical transmission are
limited by temporarily adverse consequences of the fo-
cal genes.

In terms of the model, this would require that high
transfer rates y(t) at high cost «(t) be tightly correlated
with conditions of low growth [B(t) near —1]. Under
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these circumstances, plasmid-bearing cells can indeed
enjoy a higher long-term growth rate than either plas-
mid-free or chromosomal cells. This obtains even though
at any specific time, the plasmid-bearing strain will be
growing at a slower rate than at least one of its competi-
tors.

However, we consider this to be a formal possibility
of the model, rather than a likely explanation of plasmid
persistence. First, this mechanism requires enormous
fluctuation in the selective effect B(t) to be viable. Sec-
ond, and more importantly, this mechanism works only
because whatever biochemical processes are acting to
temporarily reduce host replication rate during periods
when B(t) is near —1 are assumed not to constrain
the conjugation rate. This is in contrast to the usual
empirical observations that the conjugation rate is se-
verely limited when the bacterial hosts do not replicate
(Levin et al. 1979). Nevertheless, if mechanisms for
extensive stationary-phase conjugation are discovered,
this possibility could merit further consideration.

APPENDIX B

We sketch a proof of Result 4: If plasmids cannot be
maintained as genetic parasites, then they cannot be
maintained even when they carry sometimes-useful
genes in a model incorporating migration among multi-
ple habitats, with fluctuating selective conditionsin each
habitat. We emphasize the caveat that this result is based
on a deterministic metapopulation model with continu-
ous-time population growth. It would be interesting to
determine whether similar results will hold for stochas-
tic migration models with population growth treated as
a branching process.

We assume that conjugation rate and segregation rate
are proportional to growth rate; i.e., v(t) and 7(t) be-
come v(1 + B(t)) and (1 + B(t)), respectively, as
growth rate changes due to fluctuations in B. Multi-
plying the S & L condition by the positive scalar (1 +
B), we get the following expression, which holds at all
times t:

YO + BM) + 7O + M) > vOA + B(t))(N +j
Bl

Consider a metapopulation model of h local habitats,
each of which is subject to fluctuating selection. Migra-
tion events (movement of one or more bacteria to an-
other habitat) occur at discrete time pointsty, t, ts, . . .,
etc. Each migration event can be described by a matrix
@(t,), where [@(t,)]; is a fraction of inhabitants of habitat
j migrating to habitat i at time t,. Expression (B1) en-
sures that in between migration events, in each habitat i,
Ci(H)/Ci(T) > Pi(t)/P;(): i.e., chromosomal populations
grow at a faster rate (or decline at a slower rate) in
each and every habitat. Migration can move individuals
among habitats, but cannot, in the long run, reverse so
great a disadvantage to the plasmid-bearing cells. Sub-

ject to mild nondegeneracy conditions, it follows in rela-
tively straightforward fashion that the fraction of plas-
mid-bearing individuals will decline and ultimately
vanish over time in the metapopulation.

APPENDIX C

We prove that when a plasmid is parasitic and a selec-
tive sweep is in progress, if the linkage disequilibrium
between the plasmid and the new beneficial mutation
is negative, it will remain negative.

The system is described by Equation 9 in the text.
The denominator of the linkage disequilibrium D(t) =
WM’ (1) — W/ ({)M(1))/N2(t) is always positive, so
D(t) has the sign of its numerator, which we call
A() = WM’ (1) — W' ()M(t). The time derivative of
A can be obtained easily from Equation 9, and it simpli-
fies to

A=Tp@2+b—0a) — 71— yP]JA — yM'Wha. (C1)

In the neighborhood of A = 0, A is negative, because
all terms except the last are 0, and the last is negative.
Thus, A is decreasing in the neighborhood of 0. Because
all quantities in this model are continuous, if A (0) <
0 then A(t) < Oforallt > 0.

APPENDIX D

We calculate T,, the expected persistence time of a
plasmid in a population with selective sweeps. We do
so by calculating in turn the elements of Equation 11
in the text, which defines T,. Most of the effort (up
through Equation D13) is in calculating Pg; we then
give expressions for T, and T.

First, we calculate Pg, the probability that, following
the appearance of a chromosomal variant, the plasmid
is rescued by a selective sweep before it goes extinct.
Initially, let us assume that the chromosomal variant
arises at time t = 0.

Then, note that Py is given by

Pe = | Pu()Px(®dt (D1)

where Py(t) is the probability that the first mutant ap-
pears during the interval [t,t + dt) following the appear-
ance of the chromosomal, and Py(t) is the probability
that a plasmid is transferred into the mutant lineage
during its selective sweep, given that the sweep began
in the interval [tt + dt).

Lacking a good reason to make a more complex as-
sumption, we assume that new mutations arrive in the
population as a Poisson process with a constant rate o.
Then

Pu(t)= oe~ (D2)

To calculate Px(t) we use the following model. Con-
sider a locally adapted population of fixed density N in
a volume V, so that there are NV bacteria present. The
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population consists initially of bacteria bearing the focal
gene on a plasmid, which have density P(t) at time t, and
bacteria bearing the focal gene on their chromosome,
which have density C(t). We assume that all fitness ef-
fects are multiplicative, that the fitness advantage of the
focal gene is B, and that the fitness cost of the plasmid
is «. Then the chromosomal and plasmid-bearing popu-
lations have growth rates ¢(1 + B) and (1 + B)(1 —
a), respectively. Following the appearance of a mutant,
we track the density of mutants in the population as
M(t), and we assume that the mutation it bears carries
fitness advantage b, giving it a growth rate of ¥s(1 + b),
since it bears neither the focal gene nor the plasmid. For
mathematical simplicity, we neglect segregation, which
does not change the qualitative results. The values of
these parameters are constrained by the following as-
sumptions:

1. The fitness benefit of the focal gene is greater than
the fitness cost of the plasmid: B > /(1 — «).

2. The fitness benefit of the new mutation is greater
than that of the focal gene (so that the focal gene
will go to fixation): b > B.

3. The consequence of the Stewart and Levin criterion:
the plasmid could not persist in competition with
the chromosomal version by making up for its fithess
burden by transfer: yN < ya(1 + B).

To model changes in the densities (tracked by capital
letters) of plasmid-bearers, chromosomals, and mutants
(ignoring transconjugants for the moment), imposing
a constraint of constant population size, we have

PO~ [ - @ + B) — 7P + v (©3)
CO_pa+p-wc-wc  ©9
MO — fw + v - m (05)

where $i(t) = ¢[(1 — o)(1 + B)P() + (1 + B)C() +
(1 + b)M(1)]/N is the weighted average growth rate in
the population at time t and is subtracted from the
individual growth rates to maintain constant population
size.

We assume that the chromosomal appears att = 0
in a single bacterium; this corresponds to an initial
density of C(0) = 1/V. Following the appearance of the
chromosomal, but before a mutant enters the popula-
tion, we consider only the frequencies of chromosomal
and plasmid-bearing types. During this period, we track
the frequency of the plasmid-bearing type, p = P/(P +
C), which can be calculated from (D3) and (D4) as

PO [N - va@ + BIPE - P (©6)

This has the solution

_ (NV — 1)e[~/N— Va(1+p)]t
P = 14+ (NV — 1)ebN—Faatpi
Assume the mutant appears at a particular time t =
t*. At the time of the appearance of the mutant, the
densities of plasmid-bearers, chromosomals, and mu-
tants, respectively, in the population are given by

(D7)

P(t*) = (N — 1/V)p(t*) (D8)
C(t*) = (N = 1/V)(1 — p(t*)) (D9)
M(t*) = 1/V, (D10)

where p(t*) is given by (D7). Following the appearance
of the mutant, the dynamics of these three populations
are given by Equations D3-D5; these dynamics consist
of an increase in the number of mutants (the selective
sweep) while the number of plasmid-bearers and chro-
mosomals declines.

We want to calculate Py, the probability that the plas-
mid is transferred at least once to the mutant popula-
tion, creating a transconjugant, before the plasmid-bear-
ers go extinct. We use the expected number of
transconjugants created during the sweep to calculate
the probability of producing at least one transconjugant
during the sweep. The instantaneous rate of appearance
of transconjugants during this sweep is yP(t)M(t), so
X(t*), the expected number of transconjugants in a
selective sweep beginning at time t = t*, is given by

X(t*) = v POME),

where P(s) and M(s) are calculated by integrating Equa-
tions D3-D5, starting at t*, with the initial conditions
given by Equations D8-D10. The probability Px(t*) that
at least one transconjugant will appear, then, in a selec-
tive sweep beginning at time t*, is given by

Px(t*) = 1 — g7 X, (D12)
Substituting from (D2) and (D12) into (D1), we have

(D13)

(D11)

Pe = [Joe 1 — e ]at

_ rce""[l — e WRPOMOE] g,
o

Finally, to calculate T, from Equation 11, we need
expressions for T, and T;. Assuming that in a population
fixed for the plasmid-borne version of the gene, chro-
mosomals appear as a Poisson process with rate x, T, =
1/x. T¢ can be approximated by assuming that the chro-
mosome fixes because no selective sweep occurs; in this
case, T; is simply the time required for the number of
chromosomals to go from 1 to > N — 1, or equivalently,
for the frequency of plasmid-bearers to go from 1 —
1/N to <1/N. This can be calculated from (D7) by
setting p(T;) = 1/N in (D7) and solving for T;. This
yields

_2In(\NV — 1)
f

~ Wa(l + B) — N
A note on computation: (D3-D5) cannot be solved

(D14)
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analytically (Hofbauer and Sigmund 1988). However,
it is straightforward to solve them by numerical integra-
tion. The frequency of plasmid-bearing cells will always
be declining at least as fast as in (D7), since mutants,
if they appear, will only hasten the decline of the plasmid
(ignoring transconjugants).

Therefore, it is reasonable to end the integration at
T;, the time at which the number of plasmid-bearing
cells is <1. Thus, for computational purposes, T; can
safely be used as the upper limit of both integrals (re-
placing ) in (D13).



